As a part of the China-Japan cooperative research on natural radiation epidemiology, we have carried out a dose-assessment study to evaluate the external exposure to natural radiation in the high background radiation areas (HBRA) of Yangjiang in Guangdong province and in the control areas (CA) of Enping prefecture since 1991.
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Dose assessment/Environmental radiation/Occupancy factor/Individual external exposure dose/Seasonal effect As a part of the China-Japan cooperative research on natural radiation epidemiology, we have carried out a dose-assessment study to evaluate the external exposure to natural radiation in the high background radiation areas (HBRA) of Yangjiang in Guangdong province and in the control areas (CA) of Enping prefecture since 1991.
Because of the difficulties in measuring the individual doses of all inhabitants directly by personal dosimeters, an indirect method was applied in which the exposed individual doses were estimated from the environmental radiation doses measured by survey meters and the occupancy factors of each hamlet. We analyzed the dose in the hamlets and the variation in the occupancy factors to obtain the parameters of dose estimation on the inhabitants in selected hamlets; Madi and several hamlets of different dose levels in HBRA and Hampizai hamlet in CA. With these parameters, we estimated individual dose rates and compared them with those obtained from direct measurement using dosimeters carried by selected individuals. The results obtained are as follows. 1) The environmental radiation doses are influenced by the natural radioactive nuclide concentrations in building materials, the age of the building and the arrangement of the houses in a hamlet. There existed a fairly large and heterogeneous distribution of indoor and outdoor environmental radiations. The indoor radiation doses were due to exposure from the natural radioactive nuclides in the building materials and were about two times as large as the outdoor radiation doses. The difference between indoor and outdoor doses was not observed in CA.
2) The occupancy factor was influenced by the age of individuals and by the season of the year. The occupancy factor was higher for infants and aged individuals than for other age groups. This lead to higher dose rates of exposure to those age groups. 3) A good correlation was observed between the dose assessed indirectly and that measured directly and the correlation factor was 0.97.
INTRODUCTION
Various studies have been conducted to evaluate the exposure due to natural radiation, the Chernobyl accident and radioactive fallout [1] [2] [3] [4] [5] [6] [7] . As a part of the China-Japan cooperative research on radiation epidemiology, we carried out a dose-assessment study to evaluate the exposure to natural radiation in the HBRA of Yangjiang in Guangdong province and in the control area of Enping prefecture starting in 1991 1, 2, 8, 9) . As it is difficult to measure the individual dose rates to all inhabitants of the areas of interest, an indirect method was applied to estimate the exposed dose rates from the environmental radiation dose rates which were measured by survey meters and occupancy factors (correction factor indicated the ratio of a residential period on a topical subject area) of each hamlet. There are factors inherent in the life styles of the inhabitants. Accurate individual dose assessment for inhabitants in HBRA is an essential requirement of the present investigation. To verify the accuracy of the individual dose assessed indirectly, we measured the actual dose rates by personal monitors for selected families and compared them with those assessed indirectly from the environmental dose rates and occupancy factors. Comparison between the two enable us to estimate individual exposure dose rates for each inhabitant from the environmental radiation dose rates and occupancy factors assessed.
MATERIALS AND METHODS

The area of investigation
As shown in Fig. 1 , two areas in Kwangtung Province were selected for the present study. Yangdong county and Yangxi county were chosen as HBRA and Enping county as CA according to the environmental dose levels. Figure 2 shows the frequency distribution of indoor radiation dose rates of about 400 hamlets in HBRA and in CA including around 20 hamlets where we undertook measurements in the present study. Environmental indoor radiation dose rates varied widely between 0.26 and 0.60 µGy/h in HBRA. Madi hamlet in Yangdong county was at a medium level of environmental radiation dose and we selected this place as the model hamlet of HBRA.
Dosimeters and dosimetry
Environmental indoor and outdoor dose rates were measured using a NaI(T1) scintillation survey meter (Aloka TCS-166). Individual doses were measured by electronic pocket dosimeters (Aloka PDM-101) and thermoluminescence dosimeters (TLD, National Co. UD-200S), which were set for 24h and 2 months, respectively. Characteristics of dose monitors used are summarized in Table 1 . The scintillation survey meter cannot measure cosmic rays due to their maximum detectable energy limit, and the measured data was therefore corrected accordingly. We selected Madi hamlet with about 200 houses in the HBRA for the environmental dose measure- Table 2 . Large families with three generations of parents and children were further selected for individual dose assessment ("A" group). Houses of the "A" group were installed with the dose monitors and houshold members were asked to carry two kinds of dosimeters. They were also asked to fill in the questionnaires for the occupancy factor estimation.
RESULTS AND DISCUSSIONS
Heterogeneity in environmental radiation exposure dose
Average indoor and outdoor environmental radiation dose rates were measured using a NaI (Tl) scintillation survey meter. The dose rates decreased in the order of kitchen, bedroom, living room and the entrance to the house (Table 3) . Relative standard deviation of indoor doses was not large, for example several percents in the bedroom, living room and kitchen. However the variation was larger for rooms other than the above. As shown in Fig. 3 , it was remarkable that the indoor dose rates in the HBRA were about 2 times higher than those outdoors. However, this difference was non-existent in the CA. The ratio of mean indoor dose to outdoor dose in Yangxi Province was 2.2 and this value was higher than that in Yangdong province. The dose rate was especially high at the wall of the houses. The indoor dose rate has a good correlation with the distance from the house walls. These results strongly suggest that the natural radionuclides in the building materials used in the wall were the source of radiation 1) . Frequency distributions of indoor radiation dose rate by building materials are shown in Fig. 4 . Building materials were brick, adobe brick and mud. The mean indoor doses were nearly the same in similar hamlets compared with building materials, but the indoor dose for brick houses exhibited a slightly wider variation between them. We performed a radionuclide analysis of the building materials by γ-ray spectrometry with Ge semiconductor detector. The amount of decay products nuclides of Th-232 and U-238 in the HBRA were several times higher than that in CA as shown in Table 4 . A mean of Th-232 to U-238 concentration ratio of brick, mud and rice field soil in HBRA was 1.9, and that in CA was 1.2. A map of the variation distributions of the environmental radiation dose rates in Madi hamlet is shown in Fig. 5 . The dose was slightly higher in the center of the hamlet. There was a slight inverse correlation between indoor radiation doses and the age of the building 8) . The indoor doses of new houses were lower than of the old ones. We observed that there was a fairly large and heterogeneous variation in indoor doses in different houses even in similar hamlets, presumably due to the different housing conditions such as the levels of radionuclides in the building materials, the age of the building and the location of the houses. Table 5 shows the outdoor dose rate of spot monitoring on the same points in Madi hamlet at December 1995 and September 1996. Outdoor dose rates measured at September and Decem- ber were nearly the same (ratio 1.0) except for those in rice fields. Mean dose rates of rice fields in September was lower than that in December and the ratio of the two in rice fields was 0.77. This was due to shielding by water with the rice paddies covered by water in September while they were drained of water in December. Figure 6 shows frequency distribution of the ratio of indoor doses in December 1995 and those in September 1996 in Madi hamlet and they were around 1. Figure 7 shows the frequency distribution of individual dose rates measured by TLD. Mean individual dose measured in the Madi hamlet was 2.5 mGy/y. The frequency distribution of environmental dose rates measured by TLD in Madi hamlet is shown in the same figure and a comparison suggested that the mean individual dose rates had good correlation with mean environmental radiation dose rates. Relation between individual exposure dose rates and indoor dose rates is shown in Fig. 8 . The individual dose rate was distributed widely and was influenced by the indoor dose rate which differed even in the same hamlet. Variation of the correlation factor of the dose in HBRA tends to be larger than that in CA for the above reason.
Seasonal effect on variation of the environmental radiation dose rates
Variation of individual exposure doses
Variations in occupancy factors and individual exposure doses
We have carried out individual dose measurement directly using TLD and PDM dosimeter in Madi hamlet. The variation in the individual dose rate by age was not observed except for babies and older inhabitants 8) . Figure 9 and Table 6 show the age effect on the occupancy factor. The occupancy factors of inhabitants were determined by interview to individuals whose individual doses were measured directly by personal dosimeter. Variations of the mean occupancy factor by age group for bedroom, indoors, and the other locations are shown in Fig. 9 . Indoor occupancy factors for babies and older inhabitants were higher than those for other age groups. The occupancy factors were relatively homogeneous in a hamlet and few were affected by sex. Table 7 shows seasonal variation of individual exposure dose of inhabitants in Madi hamlet measured by TLD. Dose rates for 3 months from September were higher than those from Decem- ber. Climate in December was more temperate than in September and the inhabitants tended to spend more time outdoors, and outdoor farm work is longer than in summer. Indoor radiation exposure contributed more during the hot season when people spend more time indoor. Table 7 and Fig. 10 show the seasonal effect on the occupancy factor of Madi hamlet. Mean indoor occupancy factor of Madi hamlet in December was 0.66 and was lower than the value of 0.79 in September. Indoor occupancy factor for males during the temperate season is slightly lower than that for females. Mean occupancy factor for several hamlets was 0.81 in the summer season, and is in very close agreement with the UNSCEAR's value 7) . The distribution of occupancy factors obtained exhibited a normal distribution.
Seasonal effect on the individual exposure doses
Assessment of the individual external exposure dose
Estimation of external exposure dose rate for the cohort research was obtained by an indirect method based on the measured data of environmental dose rates in several hamlets with consideration of the occupancy factors. Individual exposure dose rate, D, was calculated by the following equation;
,where q is occupancy factor and A is environmental radiation dose rate. Because the difference between indoor and outdoor dose rates is fairly high, the individual radiation doses of inhabitants depend on life style, which is reflected in the occupancy factor. The directly measured dose using PDM and TLD worn by individuals was used to correct the indirect method. The comparison between the doses directly measured by PDM and TLD, and indirect estimated doses is shown in Fig. 11 . The variation coefficients (relative standard deviation) of directly measured dose rates assessed several times independently were within several percent. Mean variation coefficient of dose rates measured by PDM and mean variation coefficient of dose rates measured in families were both about 10%. Mean variation coefficients of the ratio of measured values to the estimated values were about 14%, and ranged up to a maximum of 22%. A good correlation between the estimated values and the measured values by PDM is shown in Fig. 11 . However, doses measured by TLD tended to be higher than those measured by PDM, and this was assumed to be due to the possibility that the TLD were not worn, but left indoors. To avoid this problem, the period that individuls wear the dosimeter were calculated as shorter especially during the hot season. Figure 12 shows the relation between directly measured individual doses by PDM and TLD, and indirectly estimated doses in about 30 houses of Madi hamlet. They showed a good correlation with a correlation factor of 0.97.
CONCLUSIONS
On the natural radiation epidemiological studies in the HBRA of Yangjiang, Guangdong province of China, we carried out the radiation dose-assessment study to evaluate the external exposure due to natural radiation. As it is difficult to measure the individual dose rates in all inhabitants in one hamlet using personal dosimeters, an indirect method was applied to estimate the individual exposure radiation dose from the environmental radiation dose measured by survey meters and the occupancy factors of each hamlet. An individual exposure radiation dose largely depended on the environmental radiation dose. Madi and several other hamlets in HBRA, and Hampizai hamlet in CA were selected to determine the distribution characteristics of the environmental radiation doses in the hamlets and the variation of the occupancy factors on the inhabitants. The comparison was made between the indirectly assessed and directly assessed doses. The conclusion reached can be summarized as follows; 1) The environmental radiation doses are influenced by the natural radioactive nuclide concentrations in building materials, the age of the building and the arrangement of the houses in the hamlet. We observed that there are fairly large and heterogeneous distributions of indoor and outdoor environmental radiation. The indoor radiation doses were about twice that of the outdoor and they were mainly due to exposure from the natural radioactive nuclides in the building materials. The indoor and outdoor doses were almost the same in CA.
2) The occupancy factor was affected by the age of individuals and the season of the year. The occupancy factor was higher in infants and aged individuals than in other age groups. This lead to higher dose rates of exposure to those age groups. 3) A good correlation was observed between the dose indirectly assessed and that measured directly and the correlation factor was 0.97.
